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CHAPTER I
LITERATURE REVIEW
Introduction
Wood cell walls are composed of cellulose, hemicelluloses, and lignin. Lignin is
the limiting compound in biomass breakdown because it is very difficult to degrade
(Schmidt 2006). Its cross-linking with other cell wall components provides a natural
barrier to decay by minimizing the accessibility of cellulose and hemicelluloses to
microbial enzymes. The microbial wood decay community presents a potential method to
help solve the problem that lignin creates for the effective transformation of
lignocellulosic biomass. The enzymes that have evolved to break down lignin are found
in a very select group of basidiomycetes called white-rot fungi (Schmidt 2006).
White-rot fungi play a key role in the carbon cycle as they possess the unique
ability to efficiently degrade lignin to CO2 in order to gain access to the carbohydrate
polymers of the plant cell wall for use as carbon and energy sources (Cullen and Kersten
2004). There are two types of white rot decay with regard to the different amount of
components that are degraded. In simultaneous decay, all three components of the wood
cell wall are degraded at the same time, whereas in selective decay, or delignification,
lignin is preferentially degraded first, followed by hemicelluloses and cellulose.
Simultaneous decay occurs mostly on hardwoods while selective delignification occurs
on hardwoods as well as softwoods (Messner et al. 2003). Selective delignification is
capable of removing large amounts of lignin while leaving the majority of cellulose
1

unmodified. This unique ability is a major research focus for implementation into
biotechnological processes for biofuel applications as well as in the pulp and paper
industries whose primary substrate is wood (Nilsson 2009). A prerequisite for the
development of new wood biotechnological processes is an understanding of the
microbial mechanisms involved in the delignification process in order to control the type
of decay.
Chemical and Physical Structure of Wood
The wood cell wall gets its mechanical strength from cellulose and
hemicelluloses, which are polysaccharides or complex chains of simple sugars bound to
each other by glycosidic linkages (Sjöström 1993). Cellulose, the most abundant
component, comprises 40-44% of wood cell walls and is predominately located in the
secondary wall. The molecular structure of cellulose is a linear (1 → 4)
homopolysaccharide of β-D-glucose units. These linear molecules form strong hydrogen
bonds with each other causing aggregate bundles called microfibrils, which have both
crystalline and amorphous regions (Sjöström 1993). Forming a matrix between the
cellulose microfibrils are the hemicelluloses. Hemicelluloses are most often branched,
six-membered heteropolysaccharides that are mainly comprised of hexose and/or pentose
(D-glucose, D-mannose, D-galactose, D-xylanose, and L-arabinose) units (Teleman
2009). The hemicellulose matrix intertwines the cellulose, providing a surface to which
lignin can then bind.
While the celluloses are the most abundant components in wood, lignin is by far
the most imperative, attributing to the "woody" properties of the wood cell wall
(Henriksson 2009). Lignin is a highly complex three-dimensional polymer that acts like
2

cement as it provides firm stability and glues the cells together. It is made up of
phenylpropane units that are connected by a variety of both C-O-C (ether) and C-C
linkages. The three phenylpropane monomers that form lignin are coniferyl, sinapyl, and
p-coumaryl alcohols; hardwood (angiosperm) lignin or syringyl-guaiacyl lignin is mainly
composed of coniferyl and sinapyl alcohols while in softwood (gymnosperm) lignin or
guaiacyl lignin, sinapyl alcohols are absent and the main component is coniferyl alcohol
(both types of lignin may contain small amounts of p-coumaryl alcohol) (Henriksson
2009).
Although the type, amount, and distribution of cellulose, hemicellulose, and lignin
within wood vary by species, all wood species share the same building block, the wood
cell. The wood cell is composed predominately of a layered wall, which surrounds a
tubular cavity called the cell lumen. The layers of the cell wall are divided into a thin
outer, or primary wall, and a thick secondary wall which itself consists of three layers:
S1, S2, and S3 (Daniel 2009). The S2 layer, which forms the majority of the cell wall,
varies in thickness with the wood and cell type, but is always lined by S1 and S3, the thin
inner and outer layers of the secondary wall, respectively. The primary cell wall, which is
completely embedded in lignin, provides a thin but recalcitrant outermost wall for the
wood cell. Located between cells is the highly lignified middle lamella that binds the
cells together, and together with the primary wall, is referred to as the compound middle
lamella (Daniel 2009).
Degradation of Lignocellulose by White-Rot Fungi
White-rot decay fungi have a large repertoire of both hydrolytic and lignin
degrading enzymes, giving them the potential to degrade all three wood components.
3

However, the extent to which each component is degraded is determined by the type of
decay that occurs. The two types of decay caused by white-rot fungi differ by the
morphological patterns in which they attack the wood cell walls. The initial approach by
the fungus on the wood substrate is the same for both types of decay; during colonization,
fungal hyphae extend along rays, penetrating between cells via pits and become localized
in the wood cell lumen where the initial attack will begin (Daniel 2003). As the name
implies, simultaneous decay attacks the cellulose, hemicelluloses, and lignin
simultaneously, removing all three components from the lumen toward the middle
lamella. In advanced stages of this type of decay, the highly recalcitrant middle lamella
may also be degraded, exposing the adjacent cell wall (Daniel 2003).
The second type of decay caused by white-rot fungi is selective delignification.
This specialized type of decay preferentially removes the lignin and hemicelluloses,
progressing through the cell wall and eventually removing the lignin-rich middle lamella
while leaving the cellulose, for the most part, unmodified (Messner et al. 2003). As the
lignin is removed from throughout the cell wall, the cellulose becomes unbound, allowing
the remaining fibers to loosen and expand into the cell lumen (Daniel 2003).
The Role of Microscopy in Wood Decay Research
Our understanding of the wood decay process at the microstructural level is
attributed to the numerous studies performed in the field of microscopy. The microscope
is an invaluable tool in the research of wood decay fungi because it provides definitive
evidence of physical decay at the cellular level. It is through microscopic examination of
white-rotted wood over a century ago that scientists first described two distinct
morphological decay patterns (Figure 1.1), suggesting that some white-rot fungi may
4

selectively remove lignin from wood (Otjen and Blanchette 1986, Blanchette 1991 and
references therein). Since then, substantial advancements in technology have enabled
researchers to develop numerous microscopic methods for which to study the decay
process, including advanced techniques to quickly and easily differentiate the type of
decay that has occurred.

Figure 1.1

This drawing by Robert Hartig in 1878 represents the first observations of
selective delignification, demonstrating that white rot fungi can cause
different types of decay (Blanchette 1991). Various stages of the two types
of decay demonstrate lignin being progressively removed during selective
delignification (left) and erosion of all wood components from the cell
lumen towards the middle lamella that occurs during simultaneous decay
(right).

Light Microscopy
Advantages of using light microscopy (LM) include the ability to use quick and
simple staining techniques to increase the contrast of the specimen, thus enhancing
identification of various elements. A differential staining technique using the stains
safranin and astra-blue has been demonstrated to be an effective method of identifying
5

areas of decayed wood sections that have been selectively delignified (Srebotnik and
Messner 1994). In this method, safranin stains lignin red regardless of the presence of
cellulose while subsequent staining with astra-blue only stains cellulose in areas where
lignin is absent. The result is that delignified wood cells stain blue and wood cells in
which lignin remains are red. This method makes it possible to rapidly screen decayed
samples under a light microscope by comparing the ratio of red to blue areas (Srebotnik
and Messner 1994).
Scanning Electron Microscopy
The exceptional resolution of the scanning electron microscope (SEM) makes it
an excellent tool for studying the micromorphology of decayed wood. An additional
benefit of the SEM includes the ability to examine three-dimensional objects; this
advantage eliminates the need for sample sectioning, which can be difficult or impossible
in highly decayed pieces of wood. The capabilities of the SEM make it an excellent
method for the screening of selective delignification by direct observation of decayed
wood (Blanchette 1984). Observations of microscopic features that are characteristic of a
specific type of decay are used to identify the type of decay that has occurred in a piece
of wood. Characteristic signs of simultaneous decay include holes and erosion troughs in
the cell walls, localized areas of decay immediately surrounding visible hyphae, and areas
in which entire cell walls have been degraded (Blanchette 1984). In contrast,
characteristics such as the degradation of middle lamella without substantial attack of
other cell wall layers, a separation of individual cells causing a fibrilar appearance, areas
of lignin removal which are considerably distant from hyphae, and/or samples with
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irregularly distributed regions of delignified cells are all indicative of selective
delignification (Blanchette 1984).
Mechanisms of Phanerochaete chrysosporium
White-rot fungi, such as Phanerochaete chrysosporium, are unique in that they
have developed several mechanisms to overcome the complexity of the lignin polymer
that serves as wood’s natural defense against microbial attack. The interlocking of lignin
with the carbohydrates in the wood cell wall makes it very compact, preventing large
molecules such as enzymes from penetrating the wood and restricting access of the
molecules to the outer surface of the wood cell wall (Teeri and Henriksson 2009).
These difficulties are overcome through the action of redox-mediators, which are
diffusible low-molecular-weight reagents activated by lignin degrading enzymes. The
small redox-mediators easily penetrate the pores of sound wood and are capable of
oxidizing aromatic rings into resonance-stabilized radicals (Teeri and Henriksson 2009).
Once a redox-mediator performs an oxidation, it becomes inactive and returns to the
enzyme to be reactivated. Activated redox-mediators serve to fragment or modify the
lignin through a variety of nonspecific, spontaneous reactions including the oxidation of
several phenolic as well as some non-phenolic lignin structures (Teeri and Henriksson
2009). After initial attack of lignin by redox-mediators, direct contact between lignin and
lignin degrading enzymes is no longer limited to the cell surface. Modification of the
lignin opens cell wall pores and exposed lignin fragments become accessible to enzymes
(Srebotnik et al. 1988).
The lignin degrading system of Phanerochaete chrysosporium includes two
nonspecific, H2O2-dependent, extracellular enzymes capable of depolymerizing lignin
7

and an accessory enzyme that serves as the extracellular H2O2 source. This potent system
of enzymes is produced during secondary metabolism, which is induced by nutrient
starvation (Tien and Kirk 1988). Lignin peroxidase and manganese peroxidase are both
heme-containing glycoproteins capable of H2O2-dependent oxidation of lignin.
Lignin Peroxidase
Lignin peroxidase (LiP) operates via a ping-pong mechanism, catalyzing two oneelectron oxidations resulting in aryl cation radicals (Figure 1.2). The aryl cation radicals
resulting from LiP-catalyzed oxidations subsequently undergo a variety of spontaneous
degradation reactions including the cleavage of Cα-Cβ bonds of lignin propyl side chains,
hydroxylation of benzylic methylene groups, benzyl alcohol oxidations leading to the
corresponding aldehydes and ketones, oxidation of phenols resulting in radical coupling,
and aromatic cleavage of non-phenolic lignin model compounds (Cullen and Kersten
2004). The extraordinarily high redox potential of LiP and its ability to form aryl cation
radicals allows the enzyme to directly oxidize both phenolic and non-phenolic lignin
compounds without the need of mediators (Goodell et al. 2008). Studies with nonphenolic arylglycerol β-aryl ether (β-O-4) lignin model compounds demonstrated that P.
chrysosporium utilizes two mechanisms for degradation of the most frequent interunit
connection, the β-O-4 linkage, accounting for over half of the linkages between monomer
units in lignin (Kirk et al. 1986). The two mechanisms are based on aryl cation radical
formation involving initial oxidative cleavage of either the Cα-Cβ bond or the O-C(4) bond
of the β-O-4 linkage, resulting in a radical in ring A or ring B, respectively (Figure 1.3).

8

Native LiP enzyme + H2O2  Compound I + H2O
Compound I + S  Compound II + S+
Compound II + S  Native LiP enzyme + S+
Figure 1.2

H2O2 –dependent lignin peroxidase (LiP) catalyzes two one-electron
oxidation reactions of lignin. Compound I = two-electron oxidized LiP
intermediate; Compound II = one-electron oxidized LiP intermediate; S =
aromatic lignin substrate; S+ = aryl cation radical (Cullen and Kersten
2004).

Figure 1.3

Lignin peroxidase (LiP) oxidized cleavage of the β-O-4 lignin substructure
results in the formation of aryl cation radicals. Arrows indicate two
possible cleavage sites and L indicates continuation of the lignin polymer
(Kirk et al. 1986).

Although the enzyme catalyzes a variety of oxidation reactions, the most
predominant reaction is the cleavage of the Cα-Cβ bond (Tien and Kirk 1984). Ten LiP
isozymes (H1 to H10) have been found in P. chrysosporium, with molecular masses
ranging from 38 to 43 kDa (Gold and Alic 1993). The isozymes are encoded by a family
of at least ten closely related genes (lipA through lipJ) that are distributed on three
separate chromosomes (Cullen 1997).

9

Manganese Peroxidase
Manganese Peroxidase (MnP), like LiP, operates via a ping-pong mechanism,
however rather than oxidizing lignin directly, MnP is dependent on manganese (Mn2+) to
complete its catalytic cycle and act as a redox couple (Wariishi et al. 1989). MnP
catalyzes the H2O2- and Mn2+-dependent two one-electron oxidations of Mn2+ to Mn3+
with Compounds I and II as intermediates (Figure 1.4). Compound I can also be reduced
by a variety of phenols resulting in a direct oxidation of some lignin substrates, however
Compound II can only be reduced by Mn2+. Therefore, in the absence of Mn2+, MnP
cannot complete its catalytic cycle by returning to its native form and thus, would remain
as Compound II.
Native MnP enzyme + H2O2  Compound I + H2O
Compound I + Mn2+  Compound II + Mn3+
Compound II + Mn2+  Native MnP enzyme + Mn3+
Mn3+ + S  Mn2+ + S+
Figure 1.4

H2O2 – and Mn2+– dependent manganese peroxidase (MnP) catalyzes two
one-electron oxidation reactions of lignin. Compound I = two-electron
oxidized MnP intermediate; Compound II = one-electron oxidized MnP
intermediate; S = aromatic lignin substrate; S+ = substrate cation radical
(Wariishi et al. 1989).

In the presence of Mn2+, the catalytic activity of MnP is significantly stimulated
by α-hydroxy acids. These organic acids chelate Mn3+, thus facilitating dissociation of the
MnP- Mn3+ complex and stabilizing Mn3+ at a high redox potential (Wariishi et al. 1989).
However, in addition to Mn3+, organic acids are also able to chelate Mn2+, forming Mn2+complexes. Such complexes have been demonstrated to have greater reactivity with
Compound II than free Mn2+ (Kuan et al. 1993), dispelling the earlier suggestion that
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complexes are too large to gain access to MnP’s active site (Wariishi et al. 1992).
Although it appears that organic chelators facilitate the reaction of Mn2+ with Complex II,
Mn2+-complexes have no effect on the reaction with Complex I (Kuan et al. 1993).
Various organic acids have been studied in order to elucidate the most effective
chelator in the MnP system, however only two of them are reportedly produced by P.
chrysosporium. Lactate and oxalate have been found in the extracellular fluid of P.
chrysosporium, and both organic acids are highly effective chelators (Wariishi et al.
1989, Kuan et al. 1993). However, the concentrations at which lactate has been detected
are insufficient for stimulating MnP activity (Kuan and Tien 1993). In contrast,
production of oxalate in the extracellular fluid of P. chrysosporium correlates with
extracellular MnP activity, which is capable of being stimulated by observed
physiological concentrations of oxalate (Kuan and Tien 1993).
The Mn3+-complexes produced by the MnP system are capable of diffusing into
the cell wall and oxidizing the phenolic structures of lignin. The resulting phenoxy
radicals undergo subsequent reactions capable of cleaving phenolic lignin (Kirk and
Cullen 1998).
A MnP/lipid peroxidation system has been proposed as a second mechanism of
MnP, one capable of cleaving both phenolic and non-phenolic lignin (Hammel 1997).
This system operates in the same manner as the standard MnP catalytic cycle, however it
has been demonstrated that when unsaturated fatty acids serve as the substrate, MnP
promotes fatty acid peroxidation resulting in peroxy radicals (Kapich et al. 1999). Such
radicals are strong oxidants and may act as proximal mediators able to cleave even nonphenolic lignin (Kirk and Cullen 1998).
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The three major MnP isozymes (H3 to H5) that have been identified in cultures of
P. chrysosporium have molecular masses ranging from 45 to 47 kDa (Cullen 1997, Gold
and Alic 1993). The exact number of genes that encode MnP is still unknown; three
distinct mnp genes have been reported in P. chrysosporium, but the existence of at least
two additional genes has been indicated (Cullen 1997). The three known genes are
located on separate chromosomes, unlinked to one another or any of the lip genes (Janse
et al. 1998).
Glyoxal Oxidase
Gyloxal oxidase (GLOX) is a physiological source for the extracellular H2O2
required by LiP and MnP for their oxidative reactions (Wymelenberg et al. 2006). GLOX
is encoded in P. chrysosporium by a single glx gene with two alleles (Kersten et al.
1995). This enzyme has broad substrate specificity, using simple aldehyde, αhydroxycarbonyl, and α-dicarbonyl compounds (Kersten and Kirk 1987) for the reduction
of molecular oxygen to H2O2 (Kersten et al. 1996). The reactions catalyzed by GLOX are
coupled to the lignin peroxidase system (Figure 1.5), activated only in the presence of
both LiP and non-phenolic peroxidase substrates (Kersten 1990, Kersten and Cullen
2007).

Figure 1.5

Glyoxal oxidase (GLOX) generated H2O2 is coupled to the lignin
peroxidase (LiP) catalyzed oxidations generating reactive cation
intermediates that subsequently undergo spontaneous reactions (Kersten et
al. 1996).
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Regulation of Gene Expression
The key to determining differential regulation of gene expression is to accurately
measure the gene products that are being expressed. In Phanerochaete chrysosporium,
both LiP and MnP are encoded by families of closely related genes that have been shown
to be differentially expressed (Datta et al. 1991, Stewart et al. 1992, Broda et al. 1995,
Janse et al. 1998, Stewart and Cullen 1999). These genes encode multiple isozymes with
over 70% sequence homology that are differentially expressed according to substrate and
culture conditions. In order to quantitatively analyze differential expression of such
closely related genes, highly specific polymerase chain reaction methods have been
developed that can discriminate between these genes at the transcriptional level (Brooks
et al. 1993). Real-time reverse transcriptase quantitative polymerase chain reaction (RTqPCR) allows accurate measurement of the amount of mRNA that is present; this
determines the extent to which that particular gene is being expressed (Schmittgen and
Livak 2008). The first step in RT-qPCR is to produce a stable form of the mRNA through
reverse transcription to yield copy (c)DNA. Amplification of individual LiP and MnP
cDNAs require that highly specific oligonucleotide primer pairs are exclusively
complementary to a single target gene. Using primer pairs that span at least one intron
offers the additional advantage of being able to discriminate on a size basis between
products derived from cDNA and those from genomic DNA contamination.
RT-qPCR presents an excellent method for quantifying transcript levels; although
transcript levels often correlate well with enzyme activity, RT-qPCR is not intended to
estimate active protein levels (Stewart and Cullen 1999). Measurement of gene products
at the protein level, although incomparable to the accuracy and sensitivity of measuring
transcripts, can offer a valuable snapshot of the regulation of the genes from which they
13

are encoded. Enzymatic assays are useful in generating an overview of the level of active
enzymes, however activity determined from these assays cannot be differentiated among
different isoforms of the enzyme. Enzymes are catalytic proteins that function to regulate
cell metabolism. The inherent nature of proteins means that optimum enzymatic activity
is confined by the enzyme’s sensitivity to environmental conditions (Bisswanger 2004).
This may explain, in part, the genetic multiplicity of the P. chrysosporium genome;
research has demonstrated that LiP and MnP isozymes are differentially expressed in
response to various culture conditions (Broda et al. 1996, Gold and Alic 1993). The
observation that the regulation of transcript levels in response to culture conditions does
not correlate with genomic organization, intron/exon structure, or amino acid sequence
suggests that the individual genes are regulated for specific biological roles (Stewart and
Cullen 1999).
Manganese Regulation
MnP is dependent on Mn to complete its catalytic cycle, as Mn is the exclusive
substrate for the reduction of MnP Compound II to the native enzyme. However, in the
absence of Mn, lack of MnP activity is not due to inactivation of the enzyme; rather, in
the absence of Mn, P. chrysosporium is incapable of producing the MnP protein (Brown
et al. 1990). This observation, in addition to the identification of multiple metal response
elements (MREs) in the promoter region of both mnp genes (mnp1 and mnp2) that are
Mn-influenced (Alic et al. 1997, Gettemy et al. 1998, Kersten and Cullen 2007),
indicates that Mn directly regulates transcription of the MnP genes (Brown et al. 1991).
In Mn-rich cultures, Mn levels are sufficient for performing both roles that MnP requires,
however as Mn levels fall, MnP activity decreases. In contrast, LiP, which is not
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dependent on Mn, is induced by low Mn but repressed as Mn accumulates (Perez and
Jeffries 1993).
Redox Regulation
The irreversible inactivation of LiP by H2O2 (Tien and Kirk 1984) that occurs in
the absence of a suitable LiP substrate (Haemmerli et al. 1986) implicates an important
physiological role of the redox regulation of H2O2; reversible inactivation of GLOX when
peroxidase substrates are absent may prevent H2O2 accumulation that would otherwise
inactivate LiP (Kersten 1990).
Temperature Regulation
LiP and MnP in P. chrysosporium have been shown to be differentially expressed
at different growth temperatures (Vyas et al. 1994). In addition, research has
demonstrated that the optimum temperature for P. chrysosporium growth (Tien and Kirk
1988) is different from the temperature at which ligninolytic enzyme production is
optimum (Vyas et al. 1994). This is supported by the observation that ligninolytic activity
increases with starvation and that hyphal growth is sparse in selectively delignified wood
(Otjen and Blanchette 1986).
Heat Shock Regulation
The MnP genes mnp1, mnp2, and mnp3 contain multiple heat shock elements
(HSEs) in their promoter regions that are physiologically significant (Gold and Alic
1993, Alic et al. 1997). Under nitrogen-limited conditions these genes are induced by
heat shock at the level of transcription (Brown et al. 1993). Although mnp mRNA can
accumulate in response to heat shock, these transcripts are only translated into protein in
the presence of Mn. Since oxidative stresses such as treatment with H2O2 is known to
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induce a heat shock response in both prokaryotes and eukaryotes, it is possible that the
H2O2 generated in the lignin degrading system of P. chrysosporium is involved in MnP
regulation through the heat shock system (Brown et al. 1993).
cAMP Regulation
In P. chrysosporium, the switch from primary growth to secondary (or idiophasic)
metabolism and the simultaneous onset of lignin degradation corresponds to a dramatic
increase of intracellular adenylate cyclase activity and cAMP levels (MacDonald et al.
1985). These high levels remain constant during the idiophasic metabolic phase, however
they decline as the fungus returns to a non-ligninolytic growth phase; this observation
suggests that cAMP plays a role in the regulation of metabolism. In addition, the
promoter region of multiple P. chrysosporium lip genes contains sequence elements that
bind both, the cAMP responsive element-binding protein and the cAMP responsive
activating protein (Gold and Alic 1993). Therefore, it is conceivable that at the onset of
idiophasic metabolism, P. chrysosporium increases cAMP levels by increasing the
specific activity of adenylate cyclase (MacDonald et al. 1985), thus regulating the onset
of lignin degradation by inducing the production of LiP.
Nutritional Regulation
Gene expression of both LiP and MnP is regulated by nitrogen at the level of
transcription (Pribnow et al. 1989). Both enzymes, as well as their individual isozymes,
are differentially regulated in response to nutrient limitation, specifically nitrogen and
carbon (Jeffries et al. 1981, Stewart et al. 1992, Pease and Tien 1992). It appears that
MnP protein is more stable in carbon-limiting than nitrogen-limiting conditions even
though maximum activity is more than twice as high under nitrogen limitation (Pease and
16

Tien 1992). Under nitrogen limitation, all three major MnP isozymes are abundantly
expressed early in secondary metabolism and then gradually decrease, while under
carbon limitation, H4 and H3 are predominant at early and late time points, respectively,
and H5 is not produced (Pease and Tien 1992). LiP, which is less stable than MnP in both
carbon and nitrogen-limiting conditions, is more drastically altered in response to
nutrition limitation (Gold and Alic 1993, Stewart et al. 1992). The predominant LiP
isozyme in carbon limitation, H2, is produced at a level 1,000 times higher than under
nitrogen limitation, while H8, the predominate isozyme in nitrogen limitation, is not even
produced under carbon limitation (Stewart et al. 1992).
In order to study the ligninolytic system, the majority of past research has been
conducted using liquid cultures in which ligninolytic enzymes are induced by limiting
nutrients such as nitrogen or carbon. Although numerous studies have demonstrated how
nutrient limitation affects the ligninolytic system in these cultures, recent work has
demonstrated that transcript patterns in defined media are significantly different than
those from Phanerochaete chrysosporium colonized wood (Datta et al. 1991, Janse et al.
1998, Stewart and Cullen 1999). The complexity of woody structure and the observation
of transcript patterns unlike those in defined media indicate multiple layers of regulation
involved in delignification of the native substrate (Stewart and Cullen 1999).
White-rot Decay of Wood in the Laboratory
Laboratory decay tests have been used to study the effects of a single fungal
species in a controlled environment. However, the critical role of environmental factors
in the decay process of white-rot fungi has affected the results of laboratory-decayed
wood. In accelerated soil-block decay tests, fungi known to cause selective
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delignification of wood have demonstrated decreased specificity for lignin, resulting in
the removal of all cell wall components. Failure of these laboratory tests to promote
selective delignification indicates that the substrate and environmental factors such as
temperature, moisture content, and availability of nutrients must be taken into
consideration in the study of selective delignification of wood in the laboratory
(Blanchette 1984, Blanchette et al. 1985, Otjen and Blanchette 1985, 1986, 1987).
Objectives of Research
In order to break down lignin, white-rot fungi produce and secrete extracellular
enzymes that are able to catalyze the oxidative attack on the C-C bonds of lignin. These
enzymes include lignin peroxidase (LiP), manganese peroxidase (MnP), laccases, and
glyoxyal oxidases (GLOX); however, the presence of these enzymes and their expression
levels vary greatly, depending on the fungal species and environmental conditions (Teeri
and Henriksson 2009). The white-rot fungus Phanerochaete chrysosporium is the only
white-rot wood decay fungus that has its entire genome sequenced. The key decay
enzymes of P. chrysosporium include ten lip genes, three to five mnp genes, and a single
glx gene (Broda et al. 1996, Cullen 1997). Although numerous studies have demonstrated
the regulation of these genes in culture, little is known about the regulation of P.
chrysosporium genes when in contact with its native wood substrate.
The broad aim of this research was to gain a better understanding of the
regulatory mechanisms by which the white-rot decay fungus P. chrysosporium regulates
selective delignification versus simultaneous decay of natural wood substrates. The
specific objectives of this study are as follows:
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1. Control the course of wood decay by P. chrysosporium by regulating the
environmental conditions in wood block decay chambers during the duration
of decay tests.
2. Identify the type of decay that has occurred by evaluating micromorphological
decay patterns and levels of lignin removal using differential staining and
microscopy.
3. Examine the decay process for degradative enzymes and expression of genes
over progressive stages of decay.
4. Elucidate differentially regulated genes associated with the organism’s
selectivity for lignin as determined by genes that are exclusively expressed
during selective delignification.
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CHAPTER II
MATERIALS AND METHODS
Organism and Culture Conditions
The white-rot basidiomycete Phanerochaete chrysosporium strain BKM-F-1767
(ATCC 24725) was chosen for this study, as it had been shown to preferentially degrade
lignin (Blanchette et al. 1992). The organism, obtained from the USDA Forest Products
Laboratory in Madison, WI, was grown and maintained on malt agar (BD, Fisher
Scientific, Pittsburgh, PA) media plates.
Preliminary Study
A preliminary study was conducted to investigate the various temperature/time
combinations for selective delignification versus simultaneous decay in order to establish
the specific conditions for controlling the course of wood decay by P. chrysosporium.
Six types of wood (aspen, balsa, basswood, birch, poplar, and red oak) were
evaluated for their ability to be selectively decayed by P. chrysosporium in accelerated
decay tests at temperatures of 30°C, 35°C, and 39°C over a period of 90 days. Every 10
days, test blocks of each wood type were removed from tests at each temperature, rinsed
with distilled water to remove superficial mycelia, and allowed to air dry. Test blocks and
non-inoculated control blocks were processed for and observed using light, confocal, and
scanning electron microscopy.
Light microscopy requires that samples be cut into thin sections for observation.
In order to determine a consistently reliable procedure to section the test blocks without
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compromising the structural integrity of the decayed wood tissue, Paraplast® and
Polyethylene Glycol embedding medias were evaluated, and both air-dried and embedded
wood blocks were sectioned using sliding and rotary microtomes. Staining methods were
evaluated for the ability to identify lignin distribution and/or levels of lignin removal
using both light and confocal microscopy. These methods are detailed in Table 2.1.
Table 2.1

Methods applied in wood microscopy that were evaluated for usefulness in
identification of decay type.

Application
Sample Sectioning

Method
Description
Paraplast® Plus
Water insoluble embedding media
Polyethylene Glycol (PEG) Water soluble embedding media
(Rapp 1998)
Light microscopy
Safranin and astra-blue
Differential staining: safranin stains
aqueous stains (Srebotnik and lignin red regardless of cellulose
Messner 1994)
presence; astra-blue stains cellulose
blue only in the absence of lignin
Safranin and astra-blue
alcohol stains (Vasquez-Cooz
and Meyer 2002)
Confocal microscopy Autofluorescence (De Micco Lignin autofluoresces red and
and Aronne 2007)
cellulose autofluoresces green
Secondary fluorescence
Safranin fluorescent staining of
(Bond et al. 2008)
wood cell walls
Selective Decay Study
Decay Test
Inoculation of Feeder Strips
A total of 90 malt agar media plates were prepared and inoculated by transferring
a 6mm plug from plates with fresh mats of mycelia growth directly to the center of each
plate. Once inoculated, the plates were sealed with Parafilm® (Bemis, Neenah, WI) and
incubated at 32°C for five days to allow for the fungus to cover the surface of all plates
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with a mycelia mat. After one week, 180 aspen sapwood feeder strips (65mm x 19mm x
3mm) were sterilized by autoclaving for 30 minutes at 16psi at 122°C and allowed to
cool. In a laminar flow hood, two feeder strips were transferred onto each inoculated
plate, then the plates were resealed with Parafilm® and incubated at 39°C for 14 days to
allow for colonization of the feeder strips.
Test Samples
For this study, two species of wood were selected for testing based on the extent
to which P. chrysosporium has the capacity to degrade (Blanchette, et al. 1992). The test
samples consisted of 300 wood blocks (15mm3) of both aspen (Populus tremuloides) and
birch (Betula spp.) for a total of 30 sets of 9 test blocks and 30 control (non-inoculated)
blocks for each wood species. All blocks were saturated in water and sterilized in the
autoclave for 40 minutes.
Decay Chamber Setup and Inoculation
Following the two-week incubation of the feeder strips at 39°C, decay chambers
were prepared. The decay chambers used in this study consisted of square (133mm x
133mm) plastic boxes (Corning, Corning, NY) with a height of 53mm. A thin sheet of
wire mesh was cut to size and inserted on top of the box’s included partition. Cotton
plugs were inserted in two of the small air holes on the top lid to allow gas exchange and
all other openings on the box were sealed with waterproof, autoclavable masking tape
(Bel-Art Products, Pequannock, NJ). Decay boxes were wrapped in foil and sterilized by
autoclaving for 25 minutes at 16psi at 122°C.
Working in the laminar flow hood to prevent contamination while setting up the
decay chambers, the sterile boxes were allowed to cool and then the foil wrapping was
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opened just enough to access the inside of the box. 100mL of sterile deionized water was
added to the bottom of each box to serve as a constant water source and maintain
humidity. To each box, three colonized feeder strips were transferred on to the wire mesh
that was suspended above the water. A set of nine saturated wood blocks were dried of
excess water with sterile paper towels and 3 blocks were placed on each feeder strip so
that both cross sections of the blocks were exposed (Figure 2.1). The boxes were then
sealed, wrapped with two layers of aluminum foil, and incubated at 39°C for up to 90
days.

Figure 2.1

Diagram of decay chamber design and layout of test blocks on inoculated
feeder strips.
Sampling Procedure

One aspen and one birch decay box was removed from the incubator after three
days and every third day thereafter for test sampling. From the nine test blocks in each
decay box, three were set aside for microscopy and the remaining blocks were ground for
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enzyme assays and RNA extraction. Using a sterilized rasp, the blocks were scraped into
sawdust, which was then divided into 0.20g samples and put in 2mL screw cap tubes with
two 5mm glass beads. All tubes were immediately snap frozen in liquid nitrogen and
stored at -80°C. The blocks set aside were wiped with Kimwipes® (Kimberly-Clark,
Roswell, GA) to remove any surface mycelia and allowed to air-dry before being
prepared for microscopy.
Microscopy Procedures
Light Microscopy
Air-dried sample blocks were sectioned to a thickness of 105μm using a sliding
microtome and mounted on glass slides. Using a modified version of the differential
staining procedure previously described (Srebotnik et al. 1994), mounted sections were
stained with safranin for five minutes, rinsed twice with 75% ethanol, and stained for two
minutes with astra-blue. Blotting paper was used to remove all liquid following each step.
To dry the sections, a quick rinse with 90% ethanol was followed by blotting paper,
which was applied until all moisture was removed. Prepared slides were covered with
glycerol and a glass coverslip and examined using a Nikon ECLIPSE E600 Microscope.
Scanning Electron Microscopy
Prior to mounting samples for SEM, dried wood blocks were cut into small pieces
with a handsaw, and the surface of the sample to be examined was smoothed using a
double edge razor blade. The samples were then mounted on aluminum stubs with carbon
tape and sputter coated with a 15nm conductive platinum coating using an EMS 150T ES
Sputter Coater (Electron Microscopy Sciences, Hatfield, PA). Prepared samples were
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observed using a Zeiss EVO®50 Environmental SEM (Carl Zeiss, Oberkochen,
Germany).
Enzyme Study
Preparation of Enzyme Solution
For each assay, three tubes of sawdust were removed from the freezer for each
day of sampling and put on ice where each tube received 1mL of the appropriate assay
buffer. Samples were homogenized for three minutes using a Mini-BeadBeater-16
(Biospec Products Inc., Bartlesville, OK) and then immediately returned to ice. The tubes
were then centrifuged for two minutes at 11,000x g at 4°C, and the supernatant was
collected into a new 1.5mL tube and re-centrifuged to remove any remaining debris. The
clarified supernatant was collected in a new 1.5mL tube and either put on ice for
immediate assay or aliquoted into 0.8mL tubes and stored at -20°C.
Enzyme Assays
Lignin and manganese peroxidases were assayed using an Epoch Microplate
Spectrophotometer (BioTek, Winooski, VT) and normalized based on total protein
concentration according to the Pierce® BCA Protein Assay Kit (Thermo Scientific,
Waltham, MA).
Lignin Peroxidase Assay
A version of the Azure B assay that has been previously described (Archibald
1992) was modified to run in microplate format. The procedure was modified to a total
assay volume of 200μL that contained (final concentrations) 50mM sodium tartrate (pH
4.5), 32μM Azure B, 100μM hydrogen peroxide, 200μM EDTA, and enzyme solution.
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The original assay was designed to measure peroxidase activity of a purified enzyme and
did not include EDTA; in this study, since the enzyme solutions assayed potentially
contained both lignin peroxidase and manganese peroxidase, EDTA was added to prevent
the manganese-dependent peroxidase from undergoing the assay reaction by binding and
thus removing manganese ions. Therefore, all activity detected during the assay should be
attributed to lignin peroxidase. The rate of activity is based on the oxidation of Azure B
by lignin peroxidase, which was monitored at 651nm and expressed as nM of Azure B
disappearance per minute by employing standard curves.
Manganese Peroxidase Assay
The manganese peroxidase assay used ABTS as the substrate and determined
enzyme activity from an increase in absorbance at 415nm over time (Harris et al. 1991).
The previously described protocol was modified to a total assay volume of 200μL and
contained (final concentrations) 50mM sodium malonate (pH 4.5), 75μM ABTS, 50μM
hydrogen peroxide, 1mM MnSO4, and enzyme solution. Enzyme activity was measured
by detecting the formation of soluble green product that is produced during the oxidation
reaction of ABTS by manganese peroxidase.
Gene Expression Study
RNA Extraction
RNA extraction was performed using the Ambion RNAqueous® Kit (Ambion,
Austin, TX) with an intermediate DNase I (Promega, Madison, WI) treatment to remove
genomic DNA contamination. For each sample, five tubes of 0.2g sawdust were
removed from storage at -80°C and put on ice. Each tube received 1mL of Lysis/Binding
Solution before the samples were homogenized for two rounds of three minutes on a
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Mini-BeadBeater-16 (Biospec, Bartlesville, OK), incubating on ice for three minutes
between rounds. Samples were returned to ice after homogenization and subsequent
steps. The tubes were centrifuged at 10,000 x g for 1 minute and supernatant was
transferred into new 2.0mL tubes and re-centrifuged to remove remaining debris.
Clarified supernatant from the five tubes was pooled and transferred to new 2.0mL tubes
and centrifuged a final time. Without disrupting the pellet, clear supernatant was
measured, transferred to a final 2.0mL tube, and removed from ice where it remained at
room temperature for all remaining steps. Equal volume of 64% ethanol was added to the
sample and mixed by pipetting. A filter cartridge was placed in a clean collection tube
and up to 700μL of the sample/ethanol mixture was applied to the filter and centrifuged at
10,000 x g for 30 seconds; the flow-through was discarded from the collection tube and
this step was repeated until all sample liquid had been added to the filter. Subsequently,
500μL of Wash Solution #1 was applied to the filter and centrifuged at 10,000 x g for 30
seconds, discarding the flow-through. In a separate tube, 50μL of DNase I treatment was
prepared by combining 40μL DNase-free water, 5μL DNase I 10x Buffer, and 5μL
DNase I enzyme. The treatment solution was gently mixed and slowly added to the filter
cartridge, which was subsequently incubated at room temperature for 15 minutes.
Following incubation, the filter was washed two times with 500μL of Wash Solution
#2/3, centrifuging at 10,000 x g for 30 seconds, and discarding the flow-through after
each wash. To remove all traces of ethanol before eluting the RNA, the filter was
completely dried in an additional centrifugation step for two minutes. The filter cartridge
was put into a fresh collection tube and RNA was eluted by applying two sequential
aliquots of 40μL and 10μL of preheated Elution Solution, incubating at room temperature
for 1 minute and centrifuging at 10,000 x g for 1 minute after each aliquot. Eluted RNA
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was quantitated using a NanoDrop 1000 spectrophotometer (Thermo Scientific,
Waltham, MA), and RNA quality was verified using an Experion™ Automated
Electrophoresis System (Bio-Rad, Hercules, CA). The remaining RNA was transferred to
a fresh 1.5mL tube and stored at -80°C.
cDNA Synthesis
First strand cDNA was synthesized from RNA using the iScript™ cDNA
Synthesis Kit (Bio-Rad, Hercules, CA). For each reaction, 4μL of 5x iScript™ reaction
mix and 15μL of RNA template (0.5μg) and nuclease-free water were mixed in a 0.2mL
tube, heated at 70°C for 10 minutes and then immediately transferred to ice. 1μL of
iScript™ reverse transcriptase was added to each tube and the reaction protocol was
carried out using an Eppendorff Mastercycler© (Hamburg, Germany). The reactions were
incubated for 5 minutes at 25°C, 30 minutes at 42°C, and 5 minutes at 85°C. First strand
cDNA was aliquoted into 4 tubes for subsequent qRT-PCR; 2μL were diluted in 18μL of
nuclease-free water and aliquoted into 4 additional tubes.
Primer Design
Gene-specific primer pairs were designed using the available NCBI Genbank
sequence data for P. chrysosporium BKMF-1767. Sequences for genes lipA, lipC, lipD,
lipG, and lipJ and genes mnp1, mnp2, and mnp4 were aligned using Lasergene MegAlign
(DNASTAR, Madison, WI). Forward and reverse primers were designed to have a GC
content of at least 50%, demonstrate no 3’ complementarity, and be specific only for their
target gene. Only partial sequences were available for mnp1 and mnp4; since unique
regions of these sequences were not available in order to design specific primers, one
primer pair was designed for both genes. Primer sequences are listed in Table 2.2.
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Table 2.2

Target gene, nucleotide sequence, and reference gene accession number for
all oligonucleotide primers used for gene expression.

Target Gene

Sequence

Accession

lipA

Forward
Reverse

5'-GCCATTCGTTCAGAAGCACGGTTGC
5'-GAACTCGCCTGCGTCGTTGACACGG

X51590

lipC

Forward
Reverse

5'-CCTACGGCGCGCGGCTTGTCCGAC
5'-CTGTCCAAAGGCAACCGTTGGAGAG

DQ787435

lipD

Forward
Reverse

5'-GATGCGTCTGCAGACGGACCACTTG
5'-GGAAGAACGACGGGCCGAAGTTGAC

X15599

lipG

Forward
Reverse

5'-GCTCGAACGTGCCATCAGCGAGCGTC
5'-CTTGGGCCTCCTAGGCGGGCGAGATG

AF140063

lipJ

Forward
Reverse

5'-CGCCAACGACGTCGACCCTACTC
5'-GGCGAAGATGAATTGGAAGTCGCTCG

AF140062

mnp1
mnp4

Forward
Reverse

5'-CCTGCAGCGTTTCGAGGACGCCGGTGG
5'-CATCTCGCCCGTGTCGCTGCCGCTGC

mnp2

Forward
Reverse

5'-CTTCAAGGACGCAGGCAACTTCAGC
5'-GCTCGCCTGTGTCGCTGCCCGACGTC

U10306

18S rRNA

Forward
Reverse

5'-GGAATTGACGGAAGGGCACCACCAGGC
5'-GGACATCTAAGGGCATCACAGACCTG

Conserved

AY442338
AY442337

Real-Time qPCR
Quantitative Polymerase Chain Reaction (qPCR) was monitored in real-time to
determine gene expression. Real-time qPCR reactions using iCycler iQ™ 96 well PCR
plates with Microseal® ‘B’ Film were performed with an iQ™5 Real-Time PCR Detection
System (Bio-Rad, Hercules, CA). Each 20µL reaction contained 10µL 2x iQ™ SYBR®
Green Supermix (Bio-Rad, Hercules, CA), 8µL sterile molecular grade water, 0.5µL each
forward and reverse 10µM primer, and 1µL cDNA template. The reaction protocol
included an initial denaturation at 95°C for 2 minutes, followed by 40 cycles of a 15
second 95°C denaturation, 30 second annealing at 60°C, and a 30 second 72°C extension.
Real-time detection was monitored during annealing, and a melt curve analysis was
performed following the completion of the reaction protocol.
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CHAPTER III
RESULTS AND DISCUSSION
Preliminary Study Results
Decay Test Results
Decay tests at 35°C and 30°C demonstrated relatively equal and steady growth
rates of mycelia on blocks of the same species; in instances of unequal growth, tests at
30°C had slightly more mycelia. Humidity decreased in the decay chambers relatively
slowly, requiring the addition of 1mL sterile water at approximately every 2 and 3 weeks,
respectively. Microscopic observation of decayed samples from both 35°C and 30°C
confirmed that rapid decay had caused substantial damage to wood blocks within the first
week. By day 10, areas of wood had cell walls completely degraded from the cell lumen
to the middle lamella (Figure 3.1a). This observation suggested that a non-selective decay
had occurred because all cell wall components had been removed simultaneously. This
type of decay was seen in all wood samples that were examined; however wood blocks
decayed beyond 30 days lost structural integrity and were not able to be processed.
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Figure 3.1

Light micrographs of safranin and astra-blue stained aspen wood sections
from day 10 of decay tests at (a) 30°C and (b) 39°C. (a) The circle indicates
an area in which the cell walls have been completely degraded and (b)
areas stained blue indicate that lignin has been removed along rays, vessel
elements, and some cell walls (arrows).
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Decay tests at 39°C demonstrated slow initial growth on wood species with low
density and an absence of growth on the dense wood species. A second trial was set up in
which the tests were incubated at 30°C for one week following inoculation in order to
ensure sufficient initial growth. Following this period, the tests were transferred to 39°C
(day 0) where they were run as normal. Initial mycelia continued to grow steadily for a
few weeks; however, the growth rate had decreased by day 30 and continued to decrease
for the remainder of the study. Maintaining moisture in the decay chambers proved to be
challenging even when watered weekly. Microscopic examination of early decayed
samples suggested a similar decay pattern to the simultaneous decay observed of samples
decayed at lower temperatures. However, samples from progressing stages of decay at
39°C began to suggest a possible change in decay type. It appeared that lignin had been
removed along ray cells and vessel walls and was progressing into the cell walls in
localized regions (Figure 3.1b), while areas of simultaneously decayed cell walls were
much smaller and less abundant. It is possible that when the decay tests were transferred
to 39°C, favorable growth conditions declined due to the high heat and caused severe
stress on the fungus. This situation could have forced the fungus into starvation mode,
triggering a switch from simultaneous decay to selective delignification. This is
supported by the formation of fungal spores, which the fungus would initiate in the case
of extremely harsh conditions. However, advanced stages of delignification were not
achieved, suggesting that conditions became too extreme (likely too little moisture) and
caused the fungus to go dormant.
The preliminary study was completed using a modified decay test from the
American Wood Protection Association‘s (AWPA) standard accelerated laboratory
method, as it has previously been described for accelerated decay tests of natural wood
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substrate under optimum laboratory conditions. The AWPA standard, which was
developed for the study of wood preservatives in ground contact, uses soil to simulate
ground contact. However, because ground contact was not a factor in this study, the
presence of soil in the decay tests was unnecessary. Disadvantages of the soil that were
observed during this study included failure to maintain adequate moisture at 39°C, black
soil stains on the test blocks, and excess nutrient supply for the fungus. For the purpose of
developing a more appropriate test method for the decay of wood at high temperatures by
white-rot decay fungi in the laboratory, alternative designs for the decay chambers were
explored. As a result, a modified decay box was designed to double as a humidity
chamber by suspending the decay bed over a sterile water source (Figure 2.1).
Results of Microscopy Methods
In preparation of wood block samples for light microscopy, several methods were
evaluated. Air-dried non-decayed and early decayed samples were able to be sectioned
with the sliding microtome without being embedded. Decayed samples with
compromised or no structural integrity could not be sectioned without first being
embedded. Paraplast® embedded samples with little structural damage were successfully
sectioned with both the sliding and rotary microtomes; however, samples lacking
structural integrity were crushed during sectioning. Removing successfully sectioned
samples from the Paraplast® presented additional challenges: heating sections on glass
slides using a slide warmer to melt the Paraplast® often resulted in the drying out and
cracking of the wood sections; and removing the Paraplast® by immersing sections in
CitriSolv and subsequent alcohol series effectively dissolved the thin wood sections.
These challenges could be overcome by preparing significantly thicker sections, but such
33

sections were too thick to be observed with a light microscope. In contrast to Paraplast®,
Polyethylene Glycol (PEG) is a water soluble embedding media that is able to penetrate
and thus stabilize the cell walls of a wood sample. PEG embedded samples with any level
of decay were successfully sectioned onto clear tape using the sliding microtome.
However, removing the embedding media with water consequently dissolved both the
PEG and the wood section.
Two preparations of the differential stains safranin and astra-blue were prepared
and evaluated for their affinity of lignin and delignified cellulose, respectively. Stains
prepared as alcohol solutions were initially preferred because astra-blue easily went into
the solution. However, upon evaluation of the aqueous stains, aqueous astra-blue
demonstrated a much higher affinity for delignified cellulose and resulted in a more
accurate representation of the level of delignified tissue.
The use of confocal microscopy in the identification of the type of decay through
secondary and autofluorescence of lignin and cellulose was promising. However, due to
limitations of the available confocal microscope to emit true UV light, the results
generated from simulated UV light could not be used.
Selective Decay Study Results
Decay Test Results
Macroscopic observations of decay test blocks over the sampling period were
consistent with those reported of selectively decaying wood in the literature (Otjen and
Blanchette 1985, 1986). Mycelia growth was scarce, usually limited to a thin mat of
growth on the cross-sectional faces of the blocks (Figure 3.2a). Birch and aspen, to a
lesser extent, wood blocks gradually lightened in color, resulting in a bleached
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appearance (Figure 3.2b). On day 9 of the decay test, aspen blocks were slightly easier to
rasp and the resulting tissue appeared fibrous. By the end of the decay test, aspen blocks
split along the growth rings when friction from the rasp was applied to the tangential
surface and fibers could be peeled from the block by hand. In contrast, birch wood blocks
maintained structural integrity until around day 30 and then gradually continued to
become easier to rasp.

Figure 3.2

Macroscopic observations of decay test blocks; (a) decayed aspen blocks
demonstrate scarce mycelia growth and (b) decayed birch blocks have a
bleached appearance.

Microscopy Results
Six time points at 15-day intervals were selected for analysis of the decay test.
Wood blocks from each time point were prepared for and examined by microscopy.
Scanning electron and light micrographs of non-decayed control blocks and test blocks
from days 15, 30, 45, 60, 75, and 90 of the decay test are presented in Figures 3.3 – 3.16.
Aspen Decay Test
Micrographs of a non-decayed control aspen block (Figure 3.3) demonstrate
examples of sound aspen wood and serve as a reference for comparison to decayed
samples. At day 15 of the decay test, initial attack on the aspen wood block had begun, as
fungal hyphae colonized vessel elements, and incipient decay was observed in localized
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areas around vessels and along rays that stained blue (Figure 3.4). Day 30 demonstrates
characteristics of selective delignification; separation of individual cells from one another
in areas that are distant from hyphae and cell walls that are distinctly stained blue are
both indications that the fungus has initiated a selective attack on lignin (Figure 3.5).
Progressive stages of delignification are seen in aspen blocks at day 45 and day 60. At
day 45, lignin has been completely removed along rays causing substantial damage in
areas with sparse hyphae (Figure 3.6). Increased areas of blue staining at day 60 indicate
that cells adjacent to degraded rays have been completely delignified, and electron
microscopy shows the delignified cell walls have started collapsing into the lumen
(Figure 3.7). However, at day 75 and day 90, entire cell walls have been removed (Figure
3.8 and 3.9) indicating that the fungus simultaneously degraded the aspen wood during
the late stage of decay.
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Figure 3.3

Aspen control (non-decayed) wood; (a) light micrograph of safranin and
astra-blue stained wood section, and (b) electron micrograph of wood
block.
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Figure 3.4

Decayed aspen wood block from day 15 of decay test; (a) light micrograph
of safranin and astra-blue stained wood section demonstrating areas with
incipient decay (arrows), and (b) electron micrograph showing fungal
hyphae in wood vessels (arrows).
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Figure 3.5

Decayed aspen wood block from day 30 of decay test; (a) light micrograph
of safranin and astra-blue stained wood section showing blue stained areas
from which lignin has been removed (arrows), and (b) electron micrograph
showing separation of cells (arrows).
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Figure 3.6

Decayed aspen wood block from day 45 of decay test; (a) light micrograph
of safranin and astra-blue stained wood section showing that lignin has
been completely removed along rays and localized areas (arrows), and (b)
electron micrograph showing substantial structural damage (arrows).
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Figure 3.7

Decayed aspen wood block from day 60 of decay test; (a) light micrograph
of safranin and astra-blue stained wood section showing large areas that
have stained blue indicates that cells adjacent to degraded rays have been
completely delignified (arrows), and (b) electron micrograph demonstrating
delignified cell walls that have collapsed into the lumen (arrows).
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Figure 3.8

Decayed aspen wood block from day 75 of decay test; (a) light micrograph
of safranin and astra-blue stained wood section, and (b) electron
micrograph of wood block. Both micrographs demonstrate holes that have
resulted from entire cell walls being removed by the fungus (arrows).
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Figure 3.9

Decayed aspen wood block from day 90 of decay test; (a) light micrograph
of safranin and astra-blue stained wood section demonstrating that the
remaining cell wall components are being simultaneously removed causing
large holes (arrows), and (b) electron micrograph showing the loss of
structural integrity caused by simultaneous decay; fungal hyphae boring
through cell walls (arrows) is characteristic of this type of decay.
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Birch Decay Test
Micrographs of a non-decayed control birch block (Figure 3.10) demonstrate
examples of sound birch wood and serve as a reference for comparison to decayed
samples. At day 15 of the decay test, fungal hyphae in vessels indicate that colonization
has occurred, however gross characteristics of decay are not yet obvious (Figure 3.11). At
day 30, substantial colonization immediately surrounded by a localized area of decay in
which entire cell walls have been degraded reveals that the fungus is causing
simultaneous decay (Figure 3.12b). The light micrograph in Figure 3.12a demonstrates
multiple stages of cell wall thinning and erosion that has been caused as the cell wall
components are simultaneously decayed from the lumen outward. In contrast, an area
with no visible hyphae at day 45 is showing the characteristic separation of cells caused
by selective delignification (Figure 3.13b). Figures 3.13 and 3.14 confirm that the fungus
switched mechanisms and has caused selective delignification of the birch wood at day
45 and day 60; blue-stained cell walls and cell walls that are starting to collapse into the
lumen indicate that delignification is advancing, surrounding areas that had previously
been simultaneously degraded during incipient decay. At day 75, advanced stage
delignification has almost completely removed lignin from large areas of the wood block,
including the middle lamella (Figure 3.15). With little lignin remaining, the fungus has
reverted back to simultaneous decay by day 90, removing the remaining cell wall
components (Figure 3.16).
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Figure 3.10

Birch control (non-decayed) wood; (a) light micrograph of safranin and
astra-blue stained wood section, and (b) electron micrograph of wood
block.
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Figure 3.11

Decayed birch wood block from day 15 of decay test; (a) light micrograph
of safranin and astra-blue stained wood section, and (b) electron
micrograph showing fungal hyphae in wood vessels (arrows).
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Figure 3.12

Decayed birch wood block from day 30 of decay test; (a) light micrograph
of safranin and astra-blue stained wood section showing areas of cell wall
thinning and erosion of entire cell walls (arrows), and (b) electron
micrograph demonstrating substantial colonization immediately adjacent to
an area that is being simultaneously decayed (arrows).
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Figure 3.13

Decayed birch wood block from day 45 of decay test; (a) light micrograph
of safranin and astra-blue stained wood section demonstrate that lignin has
been removed from cells that stained blue, and (b) electron micrograph
showing separation of cells (arrows) that is characteristic of selective
delignification.
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Figure 3.14

Decayed birch wood block from day 60 of decay test; (a) light micrograph
of safranin and astra-blue stained wood section showing blue, delignified
cells, and (b) electron micrograph showing the delignified cell walls that
have separated and are starting to collapse into the lumen (arrows).
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Figure 3.15

Decayed birch wood block from day 75 of decay test; (a) light micrograph
of safranin and astra-blue stained wood section showing widespread bluestained cells indicating that the majority of the lignin has been removed,
and (b) electron micrograph showing cells have separated and the middle
lamella has been degraded (arrows).
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Figure 3.16

Decayed birch wood block from day 90 of decay test; (a) light micrograph
of safranin and astra-blue stained wood section, and (b) electron
micrograph of wood block. Both micrographs demonstrate that the
remaining cell wall components are being simultaneously removed causing
holes (arrows).
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Enzyme Assay Results
No enzyme activity was detected for any experimental samples by the lignin
peroxidase or manganese peroxidase assays; however, activity was detected in positive
control samples, indicating that the assays were reliable. These results, although
attributable to various factors, are consistent with other reports in literature. Lack of
enzyme activity in crude concentrate may be a result of inefficient extraction of enzymes
due to their strong association with hyphae or wood cells and the presence of peroxidase
inhibitors, free-radicals, and proteases that are present in substantial amounts (Datta et al.
1991, Broda et al. 1995).
RNA Results
Following extraction, RNA quantity and quality was assessed. Figures 3.17 and
3.18 demonstrate the integrity of RNA samples used for gene expression studies in P.
chrysosporium degraded aspen and birch wood, respectively. Two samples demonstrating
RNA degradation were re-extracted and their integrity assessed (Figure 3.17b).
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Figure 3.17

Virtual gel image of RNA extracted from decayed aspen samples; (a) wells
are L, ladder; 1, rat RNA standard; 2, day 15; 3, day 30; 4, day 45; 5, day
60; 6, day 75; 7, day 90; and (b) wells 2 and 3 are re-extracted samples
from day 45 and day 75, respectively.

Figure 3.18

Virtual gel image of RNA extracted from decayed birch samples; wells are
L, ladder; 1, rat RNA standard; 2, day 15; 3, day 30; 4, day 45; 5, day 60; 6,
day 75; 7, day 90.
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Expression Results
Samples from each time point were analyzed using real-time qPCR, and the Ct
data were imported into Microsoft Excel. Average replicate Ct values were normalized
using the 18S rRNA mean Ct for all plates. The mean fold changes in expression of genes
relative to similar normalized Ct values at each time point were calculated using the
comparative Ct (2-ΔΔCt) method (Livak and Schmittgen 2001). This method allows
relative changes in gene expression to be compared over different time points; individual
gene data are represented as fold changes relative to their expression at a chosen time
point (Figures 3.19-20 and 3.23-24). Since differential expression of multiple genes at a
single time point may be underestimated by comparative analysis, data are also presented
as normalized individual data points (2-ΔCt) in expression profiles in Figures 3.21-22 and
3.25-26 (Schmittgen and Livak 2008). The expression profiles demonstrate actual
expression levels of genes in a single sample; this allows accurate comparison of
differentially expressed genes at one time point. However, expression profiles for
different time points cannot be directly compared, as they represent independent samples.
In contrast, comparative analysis graphs demonstrate expression of a single gene relative
to that gene’s expression at different time points as a fold change. Thus, data represented
as fold changes are interpreted as trends of individual genes over time, while
interpretation of expression profiles is limited to a specific time point. Raw data and data
analysis are included in Appendix A.
No expression was detected for any genes in aspen day 75 or birch day 45. These
time points were omitted in the data analysis, as it was determined to be a result of RNA
degradation. Expression of the lipA gene was not detected in any samples.
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Aspen Decay Test
From the analysis of expression data from all genes tested, it appears that the
mnp2 gene is the most abundantly expressed gene during the aspen decay test. mnp2 is
the predominately expressed gene at day 15 and day 30, as its expression is
approximately 10-fold higher than other genes (Figure 3.19 and 3.21). Of the lip genes,
lipC is the most abundantly expressed at all time points (Figure 3.20 and 3.22) and is the
overall predominate gene expressed at day 45 (Figure 3.21). It appears that lipD is the
second most abundantly expressed lip gene at all time points, while lipG and lipJ are
expressed at lower levels (Figures 3.20 and 3.22). All genes demonstrate decreased
expression from day 45 to day 60 and from day 60 to day 90 (Figure 3.19).

Figure 3.19

Gene expression in aspen wood block decay tests. Fold change in
expression of each gene relative to a chosen time point was analyzed using
the 2-ΔΔCt method (Livak and Schmittgen 2001).
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Figure 3.20

Expression of lip genes in aspen wood block decay tests. Fold change in
expression of each gene relative to a chosen time point was analyzed using
the 2-ΔΔCt method (Livak and Schmittgen 2001).

Figure 3.21

Gene expression profiles in aspen wood block decay test. Genes at each
time point represent normalized individual data points as 2-ΔCt (Schmittgen
and Livak 2008).
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Figure 3.22

Expression profiles of lip genes in aspen wood block decay test. Genes at
each time point represent normalized individual data points as 2-ΔCt
(Schmittgen and Livak 2008).
Birch Decay Test

Although it appears from the raw expression data that genes detected at day 60 of
the birch decay test were abundantly expressed, analysis of the normalized data suggest
otherwise. It is unclear from the analysis if the expression data at day 60 are reliable, and
Figure 3.23 demonstrates that day 60 is inconsistent with the other time points. Therefore,
the expression results from day 60 are considered inconclusive. Analysis from the
remaining time points demonstrate that lipC was the most abundantly expressed gene
throughout the study (Figure 3.25). It appears that lipD and lipG are the second and third
most abundantly expressed genes, while lipJ and the mnp genes are expressed at lower
levels (Figures 3.23 and 3.25). Analysis of the mnp genes demonstrates higher levels of
expression for mnp1 than mnp2 (Figures 3.24 and 3.26). Since primers designed for mnp1
were also specific for mnp4, the resulting expression may be attributed to either or both
genes. As seen in aspen results, all genes demonstrate decreased expression from day 75
to day 90 (Figure 3.23).
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Figure 3.23

Gene expression in birch wood block decay tests. Fold change in
expression of each gene relative to a chosen time point was analyzed using
the 2-ΔΔCt method (Livak and Schmittgen 2001).

Figure 3.24

Expression of mnp genes in birch wood block decay tests. Fold change in
expression of each gene relative to a chosen time point was analyzed using
the 2-ΔΔCt method (Livak and Schmittgen 2001).
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Figure 3.25

Gene expression profiles in birch wood block decay test. Genes at each
time point represent normalized individual data points as 2-ΔCt (Schmittgen
and Livak 2008).

Figure 3.26

Expression profiles of mnp genes in birch wood block decay test. Genes at
each time point represent normalized individual data points as 2-ΔCt
(Schmittgen and Livak 2008).
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CHAPTER IV
CONCLUSIONS
Timelines of the aspen and birch decay tests summarize the observations and
expression trends that indicate the course of decay throughout the study
(Figure 4.1).

Figure 4.1

Timeline of aspen and birch decay tests over the course of decay. The
prominent gene(s) at each time point are listed. Genes that are expressed at
significantly higher levels are indicated by the factor at which they
compare to the average expression of the other genes. An overall
increase/decrease in expression of genes from the previous time point is
indicated by an arrow.
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Removal of soil from decay tests was a major factor in the success of the
decay chambers that were designed for this study. In addition to the ability of
the chambers to maintain humidity at 39°C in the absence of soil, the nutrients
that were available to the fungus were limited to those found in wood. The
resulting conditions (high temperature, stable moisture level, nutrient
starvation) were successful in promoting selective delignification. This
confirms that environmental factors such as temperature, moisture content,
and the availability of nutrients play a critical role in the regulation process of
selective delignification. The availability of excess nutrients to the fungus in
soil-block tests may potentially be responsible for the tendency of these tests
to promote simultaneous decay.
The combination of differential staining and SEM techniques provided an
excellent and reliable method for determining the type of decay that had
occurred in the wood.
Aspen vs. Birch Decay
Distinct differences between aspen and birch decay tests indicate that the
substrate plays a role in P. chrysosporium’s regulation process.
Aspen went through three stages: colonization/incipient decay, selective
delignification, and simultaneous decay. In contrast, birch underwent four
stages: colonization, initial simultaneous decay, selective delignification, and
late simultaneous decay.
While both aspen and birch decay tests demonstrated similar expression of
lipC, abundant mnp2 expression was unique to aspen.
Selective vs. Simultaneous Decay
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The lipC gene was the most highly expressed lip gene throughout both decay
tests, regardless of the type of decay that was occurring; this indicates the
significant role of lipC in wood decay.
Expression of lipD followed a similar trend to lipC, however lipD was always
expressed at a lower level, suggesting that lipD may also have a role in decay
of woody substrates.
The fungus’ specificity for lignin was affected by the stage of decay; when
lignin content was low, cellulose was simultaneously removed. This is
consistent with the overall decline in expression of lip and mnp genes as the
lignin supply became exhausted towards the end of the study.
The initial specificity for lignin in the aspen wood corresponds to significant
expression of mnp2. In contrast, birch wood demonstrated simultaneous
incipient decay as mnp2 was the lowest expressed gene. This suggests a
possible role of mnp2 in the initiation of selective delignification.
The differences in gene expression between selective and simultaneous decay
offers a potential explanation for the differences observed between the stages
of decay in aspen and birch. Abundant expression of mnp2 in aspen suggest
that low molecular weight compounds were available in sufficient quantities
to diffuse into the wood cell walls and expose lignin for attack by lignin
peroxidase. In contrast, insufficient expression of mnp genes in birch failed to
initiate an initial selective attack; instead, lignin peroxidase had to initiate
decay. Since LiP is too large to diffuse through the cell walls, a simultaneous
attack was initiated. Once lignin became exposed to the enzyme, the fungus
was able to switch mechanisms and selective delignification began.
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APPENDIX A
GENE EXPRESSION DATA
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Table A.1
Table A. 1
Time
Point

Raw gene expression data for aspen samples. Threshold cycle values
bydatareal-time
qPCR.
Rawgenerated
gene expression
for aspen samples.
Threshold cycle values generated by real-time qPCR.

Replicate
#

Threshold Cycle (Ct)
lipC1

lipD1

lipG2

lipJ2

mnp13

mnp23

Day 15
1
2
3

26.82
26.9
26.84
26.85 ± 0.041

27.52
27.79
28
27.77 ± 0.24

28.31
27.92
28.03
28.09 ± 0.201

28.24
28.12
28.66
28.34 ± 0.281

27.99
27.79
27.57
27.78 ± 0.211

23.95
24.07
24.19
24.07 ± 0.123

1
2
3

27.39
27.36
27.54
27.43 ± 0.097

28.26
28.35
28.31
28.31 ± 0.045

28.83
28.7
28.5
28.67 ± 0.163

28.56
28.46
28.92
28.64 ± 0.242

27.56
27.56
27.07
27.39 ± 0.279

23.78
23.88
23.96
23.87 ± 0.088

1
2
3

27.25
27.38
27.36
27.33 ± 0.072

28.83
28.76
28.72
28.77 ± 0.055

29.64
29.49
29.47
29.53 ± 0.092

29.48
29.58
29.59
29.55 ± 0.065

30.25
29.21
29.41
29.62 ± 0.55

30.3
30.15
30.5
30.31 ± 0.176

1
2
3

27.02
27.23
27.25
27.17 ± 0.128

28.13
27.88
28.02
28.01 ± 0.124

28.49
28.99
28.01
28.5 ± 0.49

28.23
28.02
28.33
28.19 ± 0.16

28.63
28.11
28.18
28.31 ± 0.283

28.48
28.71
28.66
28.61 ± 0.118

1
2
3

---------

---------

---------

---------

---------

---------

1
2
3

29.97
29.73
29.53
29.74 ± 0.222

30.26
30.76
30.9
30.64 ± 0.335

32
32.29
31.64
31.98 ± 0.326

32.47
31.91
32.28
32.22 ± 0.287

32.52
31.95
32.25
32.24 ± 0.287

32.8
32.79
33.14
32.91 ± 0.2

Avg.
Day 30

Avg.
Day 45

Avg.
Day 60

Avg.
Day 75

Avg.
Day 90

Avg.
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Table A.2

Analysis of gene expression data for aspen samples. Data were analyzed
using the comparative CT method (Livak and Schmittgen 2001).
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Table A.3
Table A. 3
Time
Point

Raw gene expression data for birch samples. Threshold cycle values
bydatareal-time
qPCR.
Rawgenerated
gene expression
for birch samples.
Threshold cycle values generated by real-time qPCR.

Replicate
#

Threshold Cycle (Ct)
lipC1

lipD1

lipG2

lipJ2

mnp13

mnp23

Day 15
1
2
3

28.53
28.39
28.35
28.42 ± 0.095

29.44
29.65
29.44
29.51 ± 0.12

31.05
30.41
30.4
30.62 ± 0.376

30.2
30.27
30.61
30.36 ± 0.221

31.12
31.37
30.47
30.99 ± 0.466

31.4
31.3
31.22
31.31 ± 0.093

1
2
3

28.06
28.08
27.89
28.01 ± 0.104

29.66
29.67
29.6
29.64 ± 0.04

30.13
29.77
29.73
29.87 ± 0.22

30.24
30.23
30.27
30.25 ± 0.023

31.17
30.66
30.45
30.76 ± 0.366

31.45
32.05
31.34
31.62 ± 0.384

1
2
3

---------

---------

---------

---------

---------

---------

1
2
3

24.63
24.67
24.8
24.7 ± 0.086

24.65
24.64
24.84
24.71 ± 0.116

25.61
25.51
25.35
25.49 ± 0.132

24.56
24.58
24.63
24.59 ± 0.038

24.87
24.3
24.35
24.51 ± 0.316

24.02
24.48
24.28
24.26 ± 0.227

1
2
3

27.36
27.4
27.57
27.44 ± 0.11

29.05
28.96
29.39
29.13 ± 0.226

29.72
29.51
29.44
29.56 ± 0.146

30.17
30.33
30.08
30.19 ± 0.128

30.88
30.93
30.92
30.91 ± 0.029

31.83
31.59
31.61
31.68 ± 0.113

1
2
3

28.48
28.54
28.51
28.51 ± 0.029

30.12
30.03
29.98
30.04 ± 0.074

30.99
31.5
30.96
31.15 ± 0.306

31.56
31.28
31.18
31.34 ± 0.197

32.33
31.23
31.84
31.8 ± 0.551

32.89
32.59
32.38
32.62 ± 0.255

Avg.
Day 30

Avg.
Day 45

Avg.
Day 60

Avg.
Day 75

Avg.
Day 90

Avg.
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Table A.4

Analysis of gene expression data for birch samples. Data were analyzed
using the comparative CT method (Livak and Schmittgen 2001).
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